Recent evidence has shown that deregulated expression of members of the microRNA-29 (miR-29) family may play a critical role in human cancer, including hematological malignancies. However, the roles of miR-29 in the molecular pathophysiology of T-cell acute lymphoblastic leukemia (T-ALL) has not been investigated. Here, we show that lower levels of miR-29a were significantly associated with higher blast counts in the bone marrow and with increased diseasefree survival in T-ALL patients. Furthermore, miR-29a levels are extremely reduced in T-ALL cells compared to normal T cells. Microarray analysis following introduction of synthetic miR-29a mimics into Jurkat cells revealed the downregulation of several predicted targets (CDK6, PXDN, MCL1, PIK3R1, and CXXC6), including targets with roles in active and passive DNA demethylation (such as DNMT3a, DNMT3b, and members of the TET family and TDG). Restoring miR-29a levels in Jurkat and Molt-4 T-ALL cells led to the demethylation of many genes commonly methylated in T-ALL. Overall, our results suggest that reduced miR-29a levels may contribute to the altered epigenetic status of T-ALL, highlighting its relevance in the physiopathology of this disease. M icroRNAs (miRNAs or miRs) are a class of small noncoding RNAs that exert pleiotropic effects by post-transcriptionally regulating multiple transcript targets involved in distinct cellular processes in both normal and pathological conditions.
(1-4) Among the miRNAs described, contrasting findings reported altered levels of miR-29 family members (miR-29a, miR-29b, and miR-29c) in several types of human cancer. (5) (6) (7) (8) (9) Lower levels of the miR-29 family members were described in the more aggressive subtype of B-cell chronic lymphocytic leukemia (B-CLL) compared with the indolent subtype of B-CLL. (10, 11) Furthermore, reduced expression levels of the miR-29 family members were also described in mantle cell lymphoma (MCL) and associated with a significantly short survival. (12) In contrast, miR-29a was found to be one of the most expressed miRNAs in CLL (13) and its forced expression in B-cells from mouse resulted in the development of leukemia with B-CLL characteristics. Additionally, ectopic expression of miR-29a in mouse hematopoietic stem cells (HSC) promoted self-renewal of myeloid progenitors, leading to a myeloproliferative disorder and, ultimately, to acute myeloid leukemia (AML). (14) Despite several reports describing the role of miR-29 family members in hematological malignancies, their potential involvement in T-cell acute lymphocytic leukemia (T-ALL) is still elusive.
We explored the potential roles of miR-29a in T-ALL, through the introduction of synthetic miR-29a mimics into Jurkat cells followed by whole transcriptome analysis. Our strategy allowed the identification of previously described miR-29 targets, including central components of DNA methylation (DNA methyltransferase 3a [DNMT3a] and DNMT3b). Evaluation of the epigenetic effects in transfected Jurkat and Molt-4 T-ALL cell lines revealed that miR-29a promotes the demethylation of many genes commonly methylated in T-ALL, functionally linking miR-29a to the altered epigenetic status of T-ALL. Finally, we identified a significant association of miR-29a levels with blast counts and with disease-free survival in T-ALL patients, highlighting the relevance of miR-29 in the physiopathology of T-ALL.
downloaded from microRNA.org. The libraries derived from a CD34 + HSC sample, a Jurkat leukemic T-cell line, and all libraries generated from normal T-cells or T-ALL samples were selected for the comparison. The values were presented in decreasing order of expression.
Cell culture and transfection with synthetic miRNAs. The human Jurkat T, Molt-4, and CCRF-Cem cell lines were grown in RPMI-1640 (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with 20% FCS (HyClone, Perbio, Belgium), 50 U ⁄ mL penicillin and 50 lg ⁄ mL streptomycin at 37°C and 5% CO 2 . Cells were transfected with synthetic RNA molecules corresponding to miR-29a mimics (pre-miR-29a) or control miR (pre-miR-ctrl) (Ambion, Austin, TX, USA).
For microarray and methylation-specific PCR (MS-PCR), 1 9 10 6 cells were electroporated at a final concentration of 100 nM, using the Neon transfection system (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. Briefly, the Jurkat cells were pulsed three times (1400 V, 10 ms), resulting in an efficiency and viability of 80%. Cells were maintained in RPMI medium + 10% FCS without antibiotics and harvested 48 h post-transfection for DNA and RNA extraction.
All the remaining experiments were carried using the DMRIE-C Transfection Reagent (Invitrogen), according to the manufacturer's instructions. Briefly, 1.5 9 10 5 cells were plated in 24-wells plates in 300 lL RPMI medium + 10% FCS without antibiotics. DMRIE-C reagent (0.5 lL ⁄ well) was mixed with Opti-MEM I Reduced Serum Medium (Invitrogen) by vortexing, and incubated at room temperature for 10 min. Next, control or miR-29a mimics were added (50 nM final concentration) and the vortexed mixture (100 lL) was further incubated for 15 min at room temperature, before being added to the cells. After 4 h, 600 lL RPMI medium + 10% FCS with antibiotics was added per well. For XTT and quantitative immunofluorescence microscopy experiments, 1.0 9 10 4 cells were transfected in 96-well plates in a final volume of 100 lL using 0.25 lL ⁄ well DMRIE-C. After 4 h, 100 lL RPMI medium + 10% FCS with antibiotics was added per well. Cells were assayed at different times following transfection (as further detailed elsewhere).
DNA and RNA isolation. Total RNA was extracted using the TRIzol LS reagent, according to the manufacturer's instructions (Invitrogen). RNA samples used for the microarrays experiments were purified with the RNeasy Kit (Qiagen, Valencia, CA, USA) and RNA quality was assessed by agarose gel electrophoresis trough 28S and 18S ribosomal RNA visualization. Genomic DNA was extracted using the Flexigene DNA kit, according to the manufacturer's instructions (Cat. 51206; Qiagen). Quantification was carried by spectrophotometry at 260 nM and the ratio of the absorbance at 260 and 280 nm (A260 ⁄ 280) was used to assess the purity of nucleic acids.
Oligonucleotide microarrays. Gene expression profiles were obtained using the commercially available Human Whole Genome Oligo Microarray Kit (Agilent Technologies, Palo Alto, CA, USA), according to the manufacturer's protocol and as previously described. (15) Microarray slides were scanned at 535 nm with 5 lm ⁄ pixel resolution using a DNA microarray scanner with SureScan high-resolution technology (Agilent Technologies) and the fluorescent intensities were determined by Feature Extraction software version 11.5 (Agilent Technologies). Expression values were normalized by the 75th percentile and used for further analysis. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (16, 17) and are accessible through GEO Series accession number GSE48063 (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=GSE48063).
Bioinformatics analysis. Transcripts showing a downregulation of at least 10% in the Jurkat cell line transfected with pre-miR-29a (compared to pre-miR-ctrl) were selected and compared to the set of TargetScan predicted targets (release 6.2; www.targetscan.org). (18) Next, we used the DAVID Functional Annotation Tool (http://david.abcc.ncifcrf.gov/home.jsp) to identify pathways and biological processes statistically enriched for miR-29a targets and, thus, potentially modulated by this miR. (19, 20) Real-time quantitative PCR for gene expression analysis. Total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. Gene expression quantitative PCR (qPCR) reactions were carried out in duplicate. Evaluations were carried out in an ABI Prism 7300 Sequence Detection System (Applied Biosystems) or a CFX96 Real-Time PCR (Bio-Rad, Hercules, CA, USA) and the Power SYBR Green Master Mix (Applied Biosystems). Real-time qPCR primers for ten-eleven-translocation (TET)1, TET2, TET3, DNMT1, DNMT3a, DNMT3b, ADCY5, LXH4, GFPT2, GIPC2, and AHR were designed using the RealTime qPCR online tool from IDT (Integrated DNA Technologies, Skokie, IL, USA). Primer sequences and cycling details for gene expression qPCR analysis can be found in Table S1 . Patient samples were normalized using ACTB as the housekeeping gene. All remaining evaluations were normalized using GAPDH. The comparative Ct method (21) was used to calculate relative expression. For transfection experiments, the mean DCT value of control samples was used as a reference value. Expression values in T-ALL samples were obtained by using Jurkat cells as a reference sample.
Real-time qPCR for miRNA expression analysis. TaqMan assays were used for the quantitative expression analysis of the mature miRNA hsa-miR-29a (assay ID 002112) as well as the endogenous controls (RNU24 [assay ID 001001] and RNU48 [assay ID 001006]). Reverse transcription was carried out using a High Capacity cDNA Reverse Transcription Kit using 5 ng total RNA and specific stem-loop primers for each miRNA (Applied Biosystems). All PCR reactions were carried out in duplicate and the total RNA input was normalized on the basis of the geometric mean of the Ct values for RNU24 and RNU48 for miRNA. The 2
ÀDDCt method (21) was used to calculate the expression of miR-29a, using the median DCT of control samples (for transfection experiments), or the DCT of Jurkat T cells (for comparison between T-ALL subgroups). Transcript levels obtained for all T-ALL samples were used in a statistical correlation analysis using a non-parametric Spearman's rank test.
Methylated DNA immunoprecipitation qPCR analysis. Methylation status was determined using the technique of methylated DNA immunoprecipitation (MeDIP) followed by qPCR, (22, 23) using a MeDIP kit from Active Motif (Cat. 55009; Carlsbad, CA, USA) according to the manufacturer's instructions. A total of 5 lg genomic DNA in a volume of 300 lL was sonicated on ice with 10 pulses of 30 s (30% amplitude, 130 W, 20 kHz) using a Sonics Vibra-Cell sonicator (VCX 130, Sonics & Materials, Inc., CT, USA) to produce random fragments ranging from 200 to 600 bp. Equal amounts of sonicated DNA from four independent transfections were pooled and two MeDIP experiments were carried. One hundred nanograms of input DNA was diluted 20 9 (100 lL final volume) and kept as a control. One microgram of sheared DNA was submitted to an immunoprecipitation using an antibody that specifically recognizes 5-methylcytidine (5mC) in single-stranded DNA. Briefly, DNA was heated at 95°C for 10 min and immediately transferred to an ice bath. Next, denatured DNA was immunoprecipitated by overnight incubation with antibody (at 4°C) in a final volume of 300 lL of 10 mM Tris-HCL (pH 8.5), with constant gentle rotation and agitation (HulaMixer; Life Technologies, Carlsbad, CA, USA). The DNA was captured with Protein G magnetic beads, washed and eluted to a final volume of 100 lL. The immunoprecipitated DNA (IP) and the input DNA were assayed by qPCR on an CFX96 real-time PCR system (Bio-Rad), using SYBR Green, under the following cycling conditions: 2 min at 50°C, 95°C for 10 min, followed by 40 cycles of 95°C for 25 s and 60 s of annealing, extension at 60-63°C, and a final step of real-time melt analysis to verify product specificity.
Among selected regions, we included genes previously reported as methylated (GFPT2, GNA14, SALL1, AHR) or unmethylated (LHX4) in Jurkat and Molt-4 cells. (24) For each gene, we used the RefSeq NCBI accession number to search and extract a sequence from À100 to +100 bp around the transcription start site, using the standard search tool from the Eukaryotic Promoter Database (http://epd.vital-it.ch). These regions (all inside a CpG island) were used as templates to design qPCR primers using the PrimerQuest online tool (Integrated DNA Technologies). Additionally, we designed qPCR primers for positive control regions (H19ICR, BRDT, and TSH2B) and negative control regions (HIST1H3B and UBE2B), known as methylated or unmethylated in normal somatic cells, respectively. (22, 23) Primer sequences and cycling details for MeDIP qPCR analysis can be found in Table S2 .
For each gene, the enrichment of the IP sample relative to the Input sample was calculated by the following equation:
where InputCT and IPCT are the cycle threshold values obtained for Input and IP DNA samples, respectively, and 2.99 is the correction factor for the dilution (ln20).Finally, the relative enrichment was calculated by dividing the enrichment observed in the region of interest by the enrichment observed for a negative control region with very few CpGs (IG5).
Patients and treatment protocol. This study included leukemic cells derived from peripheral blood or bone marrow (BM) samples from 40 T-ALL diagnosed patients. All samples were sent to the Hematology Laboratory of the Clinical Hospital of Ribeirão Preto, University of São Paulo (São Paulo, Brazil) between May 1997 and April 2008 for reference diagnostics and registered in our leukemia database. (25) The diagnosis was carried out according to classical criteria established by the WHO. Patients were treated according to the HyperCVAD (26) (n = 6), BFM-90 (27) (n = 12), or GBTLI-ALL99 (28) (n = 20) protocols. The study was approved by the local Ethics Committee and, in accordance with the Declaration of Helsinki, informed consent was obtained from all patients.
Statistical analysis and clinical end-points. The median values of miR-29a, DNMT3a, DNMT3b, and TET1 expression in leukemic samples were used as references to classify T-ALL patients into high and low expression groups. Student's t-test and Fisher's exact tests were used to compare differences between the groups. Overall survival (OS) was defined as the time from the initiation of induction therapy to death from any cause; those alive or lost to follow-up were censored at the date last known alive. Disease-free survival (DFS) was defined as the time from complete remission to disease relapse, development of secondary malignancy, or death from any cause, whichever occurred first. Patients who were alive without disease relapse or secondary malignancy were censored at the time last seen alive and disease-free. Statistical analyses were carried out using SPSS Statistics 17.0 (IBM, Somers, NY, USA). All P-values were two-sided. The level of significance was set to 5%. Survival curves were generated by the Kaplan-Meier method and the log-rank test was used for comparisons of Kaplan-Meier curves (level of significance set to 5%).
Effect of miR-29a on proliferation and apoptosis of T-ALL cell lines. In order to measure the effect of miR-29a on the number of viable cells, we used a colorimetric assay based on the capacity of mitochondrial dehydrogenase enzymes present in living cells to reduce XTT into a water soluble, orange formazan product. (29) The Cell Proliferation Kit II (Applied Sciences Roche, Penzberg, Germany) was used according to the manufacturer's protocol. Briefly, 1.0 9 10 4 cells were plated in 96-well translucent plates (Greiner Bio-One, Frickenhausen, Germany) and were transfected with synthetic miR-29a mimics or control miR (PMC). Cells were evaluated 3 or 5 days post-transfection. The wells were washed with PBS (1 9 ), and an XTT solution in complete culture medium (0.3 mg ⁄ mL) was added to cells. The plates were covered in aluminum foil and incubated for 3 h at 37°C and 5% CO 2 . The absorbance was measured in a multi-well spectrophotometer, VersaMax ELISA Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). Two wavelengths were used, the first captured by the formazan salt (450 nm) and the second was a reference absorbance (650 nm). The net absorbance (A 450 ÀA 650 ) was used to determine the percentage of viable cells relative to controls:
%Cell proliferation ¼ (Abs treatment=Abs controlÞ Â 100 ð2Þ
All experiments were carried out with multiple replicates as specified elsewhere.
The effect of miR-29a on apoptosis was evaluated by flow cytometry 2 days post-transfection. Cells were transferred to tubes, washed, and resuspended in 100 lL binding buffer containing annexin V (2 lL FITC; Cat. 556419; BD Pharmigen, San Diego, CA, USA) and propidium iodide (5 lg PI; Cat. P4170; Sigma Aldrich Life Sciences, St. Louis, MO, USA). Cells were acquired (10 000 events) in a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed using FlowJo (Tree Star Inc, Ashland, OR, USA) to determine the percentage of viable (negative for PI and annexin V), apoptotic (annexin V-positive), and necrotic (annexin V-negative and PIpositive) cells.
Impact of miR-29a on sensitivity of T-ALL cell lines to daunorubicin. We carried experiments based on automated quantitative fluorescence microscopy (high content analysis) to evaluate the impact of miR-29a on the sensitivity of T-ALL cell lines to daunorubicin. Briefly, cells were transfected with synthetic miR-29a mimics or control miR in 96-well plates (Greiner Bio-One). Sixty hours later, the cells were treated or not treated with daunorubicin for 72 h before final evaluation. The concentrations used for Jurkat, Molt-4, and CCRF-Cem were 80 nM, 40 nM, and 40 nM, respectively; these results (for Jurkat and Molt-4) corresponded to previously published IC 50 values, as determined by MTT assay following 72 h of treatment. (30, 31) Following treatment, plates were centrifuged (170 g, 5 min), media were removed and cells were washed once with binding buffer (0.1 M HEPES, 1.4 M NaCl, and 25 mM CaCl2, pH 7.4). Next, cells were incubated with 50 lL binding buffer containing the nuclear stain Hoechst 33342 (3 lg ⁄ mL), annexin V (15 lL ⁄ mL, Alexa Fluor 488; Cat. A13201; Life Technologies) and PI (1.5 lg ⁄ mL; Cat. P4170; Sigma Aldrich Life Sciences). Finally, images were acquired using an ImageXpress MICRO XLS high-content imaging system and submitted to image segmentation and scoring using the Cell Health Module of the MetaXpress software (Molecular Devices).
Results
MicroRNA-29a expression in normal and leukemic T cells. Our database survey showed that, among all libraries available at microRNA.org (including all types of normal or neoplastic cells or tissues), those derived from normal T lymphocytes were the ones who presented the highest levels of miR-29a expression. Strikingly, T-ALL samples presented the lower levels of miR-29a expression (comparable to normal CD34 + HSC). In agreement, the leukemic T cell line (Jurkat) had one of the lowest levels of this specific miRNA (Fig. 1 , Table S3 ). These findings suggest that reduced miR-29a expression might be related with the pathophysiology of T-ALL. Based on this observation, we used a large-scale approach in order to identify potential miR-29a target transcripts in T-ALL.
Microarray identification of miR-29a targets. When comparing the set of 1078 genes coding for miR-29a predicted targets (obtained from TargetScan) to the set of transcripts identified by our microarray analysis (downmodulated in the Jurkat cell line following introduction of miR-29a mimics), we identified 543 targets (considered to be subjected to miR-29a-induced degradation) displaying a total of 649 target sites for miR-29a (Table S4) . By totaling the number of miR-29a target sites in each of these transcripts, and ordering transcripts by this total, we found that transcripts such as TET3 and TET1 were among those with the highest number of sites, with a total of nine and four sites, respectively (Tables 1,S5 ). In addition to TET1 and TET3, thymine DNA glycosylase (TDG) was also identified as a target. Interestingly, all of these transcripts code for proteins involved in the process of active demethylation. Importantly, established miR-29 targets, such as DNMT3a, DNMT3b, CDK6, and PXDN were also identified by us, corroborating our experimental approach. Functional analysis of miR-29a targets. Functional analysis using the set of 531 transcripts led to the identification of several pathways (VEGF, WNT, Jak ⁄ Stat signaling) that were statistically enriched with the potential miR-29a targets (Table S6), including the following genes: COL4A1, PDGFB,  IGF1, CDK6, MAPK10, FZD4, ITGB1, PTEN, ARNT, TGFB2,  LAMA2, FOS, NRAS, ITGA6, VEGFA, RARB, PIK3R3 , PIK3R1, TRAF4, AKT3, and TRAF3.
Validation of selected target transcripts. As compared to cells transfected with unspecific control miRs, the transcript levels of all selected targets evaluated by real time qPCR (TET1, TET2, TET3, DNMT1, DNMT3A, and DMNT3B) were reduced following 48 h of transfection with the miR-29a mimics. This was statistically significant (P < 0.05, n = 4) for all T-ALL cell lines (Jurkat, Molt-4, and CCRF-Cem), except for DNMT3A, DMNT3B, and TET3 in Molt-4 cells (Fig. 2) .
The Jurkat cells used for the microarray experiments were also evaluated by qPCR. The introduction of miR-29a was confirmed (Fig. S1) . Accordingly, the transcript levels of the evaluated genes were reduced, although the reduction was found to be significant (P < 0.05, n = 3) only for TET1, TET3, and DMNT3b (Fig. S2) .
MicroRNA-29a target regulation in T-ALL patients. In order to investigate whether the expression of the validated targets could be under the control of miR-29a in leukemic cells derived from T-ALL patients, we evaluated the expression levels of miR-29a and of DNMT3a, DNMT3b, and TET1 by real-time PCR, and undertook a correlation analysis. We observed an inverse correlation between miR-29a and the transcripts evaluated (Fig. 3) , suggesting that miR-29a could be involved in the in vivo regulation of the identified targets in primary T-ALL cells.
Effect of miR-29a on promoter demethylation and transcriptional modulation. Real-time qPCR of methylated DNA immunoprecipitates (obtained by MeDIP) allowed us to access the enrichment (i.e. relative methylation status) of selected regions (Fig. 4a) . As expected, the negative control regions HIST1H3B and UBE2B (unmethylated in normal somatic cells) showed a very small enrichment in both T-ALL cell lines (all below 7-fold). Similarly, the region from the LHX4 gene, reported by Kuang et al. as a region with low-level methylation in Jurkat and Molt-4 cells (5.4% and 4.3%, respectively, bisulfite pyrosequencing), (24) had a very low enrichment (approximately 14-and 7-fold, respectively). Furthermore, the positive control regions TSH2B and H19ICR (methylated in normal somatic cells) were also highly enriched in Jurkat cells (62-and 26-fold, respectively); however, in Molt-4 cells, whereas TSH2B was also enriched (33-fold), H19ICR had a very low enrichment level (4-fold). Finally, enrichment of the BRDT region was very low in both cell lines (<4-fold), differing from normal somatic cells.
Completely in line with the results of Kuang et al., (24) the SALL1, GNA14, and GFPT2 regions were all highly enriched in Jurkat and Molt-4 cells (412-, 207-, and 103-fold and 95-, 79-, and 22-fold, respectively). Moreover, the relative enrichment observed by us was well correlated with the percentage Fig. 2 . Effect of microRNA-29a (miR-29a) on transcript levels of selected targets. The T-cell acute lymphoblastic leukemia cell lines Jurkat, Molt-4, and CCRF-Cem were transfected with miR-29a synthetic mimics (PM29a) and a corresponding control unspecific miR molecule (PMC) and transcript levels of selected targets (TET1, TET2, TET3, DNMT1, DNMT3A, and DMNT3B) were evaluated by real-time quantitative PCR after 48 h. Significantly lower transcript levels were observed in cells transfected with miR-29a (non-paired t-test, two-tailed). *P < 0.05; **P < 0.01. Fig. 3 . Correlation analysis between microRNA-29a (miR-29a) and selected target transcripts in T-cell acute lymphoblastic leukemia samples. Transcript levels of TET1, DNMT3A, DMNT3B and miR-29a were evaluated by real-time quantitative PCR in the leukemia samples and a correlation analysis was carried. A statistical significant inverse correlation (negative r value, Pearson's correlation coefficient) was observed between the levels of miR-29a and all transcript targets evaluated (n = 37). of methylation obtained by Kuang et al. (24) (88, 89 , and 90% and 75, 68, and 13%, respectively). Strikingly, transfection of miR-29a led to demethylation of the promoter region of GNA14, SALL1, AHR, and LHX4 genes, in Jurkat and Molt-4 cells, whereas GFPT2 was demethylated only in Jurkat cells. Of note, transfection of miR-29a also led to demethylation of the TSH2B and H19ICR regions in Jurkat cells. These results were in line with a preliminary experiment evaluating the AHR gene by MS-PCR using bisulfite-treated DNA from Jurkat cells electroporated with miR-29a or a control miR (Fig. S3) . Overall, these results indicate that reduced methylation resulting from miR-29a introduction may be a broadly acting mechanism, likely mediated by targeting of DNMTs.
Real-time qPCR evaluation of the corresponding transcripts revealed that, while the expression of LHX4 was significantly induced, that of AHR was significantly repressed in Jurkat and Molt-4 cells transfected with miR-29a, as compared to control cells. Finally, GFPT2 expression levels did not vary significantly (showing opposite trends in both cell lines) and SALL1 was not detected in either Jurkat or Molt-4 cells (Fig. 4b) .
T ⁄ NK-ALL patients have significantly higher DNMT3b levels.
The comparison between the levels of miR-29a and its targets, observed in CD56 À T-ALL patients and the subgroup of CD56 + T ⁄ NK-ALL (T-cell ⁄ natural-killer acute lymphoid leukemia) patients and previously shown to be associated with worse response to treatment, (25) revealed significantly higher levels of DNMT3b in the T ⁄ NK-ALL group, but no differences in expression of miR-29a or the remaining transcripts evaluated (Fig. 5) .
Clinical outcome according to miR-29a expression. The main clinical and laboratory features of enrolled patients are summarized in Table 2 . There was no relevant difference between T-ALL patients with low and high mir-29a expression with respect to clinical and laboratory features (Table 2) , except for the percent of BM blast and platelets counts, which were higher (P = 0.022) and lower (P = 0.02), respectively, in patients with low mir-29a expression. Regarding DNMT3a, DNMT3b, and TET1 expression levels and clinical and laboratory features, no relevant differences were detected between groups (Table S7) .
The mean follow-up of our patients was 27 months (range, 12-42 months) and the estimated 5-year OS rate was 36%. The complete remission rate for the whole population was 66% and did not differ between low-and high-miR-29a (70% versus 66%; P = 0.825). High miR-29a patients had a significantly lower DFS (54%) compared with low miR-29a patients (91%) (P = 0.027; Fig. 6a) . However, the differences in OS observed between patients expressing high or low miR29a levels did not reach statistical significance (49% vs. 30% in low-vs. high-miR374 groups, respectively; P = 0.169; Fig. 6b ). DNMT3a (DFS, P = 0.265; OS, P = 0.774), DNMT3b (DFS, P = 0.151; OS, P = 0.842), and TET1 (DFS, P = 0.315; OS, P = 0.319) gene expression was not associated with treatment outcome in T-ALL (Table S7 , Fig. S4 ).
Effect of miR-29a on proliferation and apoptosis of T-ALL cell lines. Evaluation of cell viability by XTT assay on Jurkat and Molt-4 T-ALL cell lines 3 and 5 days post-transfection revealed that, compared to reference cells transfected with a control miR, miR-29a had no statistically significant impact, however, a slight increase on proliferation was observed for Jurkat and Molt-4 cells 5 days post-transfection (Fig. 7a) . Flow cytometry evaluation of apoptosis in Jurkat and Molt-4 cells revealed no significant differences 2 days post-transfection ( Fig. 7b-d) .
Impact of miR-29a on sensitivity of T-ALL cell lines to daunorubicin. Automated quantitative fluorescence microscopy analysis of Jurkat, Molt-4, and CCRF-Cem cells revealed no significant impact of miR-29a on the total number or percentage of viable cells (Fig. 8a,b) . As expected, 72 h of treatment of Jurkat and Molt-4 cells with previously stablished IC 50 concentrations of daunorubicin resulted in percentages of viable cells around 50% (approximately 40 and 60%, respectively) for cells transfected with control miR (Fig. 8b) . In some instances, miR-29a promoted a statistically significant increase in the percentage of apoptotic cells, accompanied by a decrease in the percentage of non-apoptotic necrotic cells (Fig. 8c,d ).
Discussion
The miR-29 family members have been implicated in leukemogenesis; however, their role is not well established. (5) (6) (7) (8) (9) Here, we showed that miR-29a levels was reduced in T-ALL and the Jurkat T cell line compared to normal T cells, a key feature that could be linked to the accumulation of oncogenic targets, potentially involved in the molecular pathophysiology of T-ALL. By carrying out a microarray analysis in the Jurkat cell line transfected with synthetic miR-29a mimics, we observed the downregulation of several predicted targets, and thus, presumably true miR-29a targets in T-ALL. Importantly, our analysis allowed the identification of previously identified miR-29 targets, including DNMT3a and DNMT3b, (32) CDK6, (6, 12) PXDN, (33) MCL1, (6, 34, 35) the p53 upstream inhibitors p85a (or PIK3R1), (36) as well as CXXC6. (37, 38) These results largely corroborate our experimental approach and further indicate that targets implicated in other types of cancers may also play a critical role in T-ALL.
Our functional analysis led to the identification of pathways with described roles in distinct cancer types previously associated with reduced miR-29 expression levels. For instance, we found enrichment for transcript targets associated with nonsmall-cell lung cancer (NSCLC) (5, 39) and melanoma. (40) Moreover, cancer types that were previously shown to be associated with increased miR-29 expression levels, such as colon, pancreas, and prostate cancers, (5) were also identified by our functional analysis (Table S6) .
In addition to the direct targeting of transcripts coding for oncogenes such as MCL1, CDK6, and PIK3R1 (6, 12, (34) (35) (36) or tumor suppressors such as PXDN, (33) the mir-29 family can act indirectly, through epigenetic mechanisms intermediated by the targeting of transcripts coding for the DNA methyltransferases DNMT3a or DNMT3b. (32) Epigenetic regulation involves DNA methylation at the 5-position of cytosine in CpG dyads (generating 5mC), which is established and maintained by DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B). DNMT1 has a substrate preference for hemimethylated DNA, maintaining methylation patterns during replication, (41) whereas DNMT3A ⁄ B methylates DNA de novo, irrespective of any methylation. (42, 43) As a result, while reduced levels of DNMTs can lead to passive demethylation, due to successive DNA replications cycles, increased levels may lead to hypermethylation. (44) In fact, in NSCLC, the reduced levels of miR-29 family members (5, 39) are responsible for the increased methylation of tumor suppressor genes, and forced expression of miR-29 in lung cancer cell lines leads to their demethylation and consequent re-expression, inhibiting tumorigenicity. (32) Similarly, miR-29 is found at reduced levels in samples from newly diagnosed AML patients (as compared to CD34 + cells from healthy donors) (45) and in pediatric AML patients with poor prognosis. (46) In addition, forced expression of miR29b induces global DNA hypomethylation and tumor suppressor gene re-expression in AML cell lines, by targeting directly DNMT3A ⁄ B and indirectly DNMT1. (38, 47) In apparent contrast to the above results, the ectopic expression of miR-29a in mouse HSCs promotes self-renewal of myeloid progenitors, leading to a myeloproliferative disorder and, ultimately, to AML. (14) Interestingly, our approach allowed the identification of several targets that may help to elucidate such contrasting effects. Among these targets, we were surprised to identify transcripts coding for members of the TET family and TDG, proteins whose roles in epigenetic regulation (more specifically in active DNA demethylation), have only begun to be envisioned. (44) Of note, we found that TET1 was previously identified as a miR-29 target, but under the alias CXXC6, (6, 37) probably leading the authors to overlook the important epigenetic function of this protein. In mammals, 5mC can be hydroxylated by the TET family of dioxygenases to generate 5hmC. 5hmC is poorly recognized by DNMT1, leading to replication-dependent passive demethylation. It can be further oxidized by TET proteins to produce 5fC and 5caC. Alternatively, 5hmC may be further deaminated by AID ⁄ APOBECC deaminases to become 5hmU. In turn, 5hmU, 5fC, and 5caC can be excised from DNA by glycosylases such as TDG. (48) The TET family of genes (TET1, TET2, and TET3) have been implicated as tumor suppressors in hematological malignancies, initially with the identification of TET1 as a partner of MLL in rare chromosomal translocations (49) and, later, by the demonstration of acquired mutations targeting TET2 in various myeloid disorders, including AML. (50) Moreover, mice with conditional TET2 haploinsufficiency in the hematopoietic compartment displayed increased stem cell self-renewal, extramedullary hematopoiesis, and eventual myeloproliferation, suggesting a contribution to hematopoietic transformation. (51) Based on the above findings, it is tempting to propose that one of the mechanisms by which forced expression of miR-29 in hematopoietic progenitors may lead to AML, would be by direct downregulation of the miR-29 targets, TDG and TET family members, identified by us.
Although the roles of miR-29 family members in AML have been more thoroughly studied, their roles in T-ALL are still largely unexplored. Given our observations that miR-29a levels Fig. 6 . Disease-free survival (a) and overall survival (b) in T-cell acute lymphoblastic leukemia patients according to microRNA-29a (miR-29a) expression. Survival curves were generated by the Kaplan-Meier method and the log-rank test was used for comparisons of Kaplan-Meier curves (level of significance set to 5%). are reduced in T-ALL samples and in the Jurkat lineage (compared to normal T cells), based on the targets identified by us, we sought to explore whether targeting of DNMTs by restored miR-29a levels in Jurkat cells would impact the epigenetic machinery, as previously shown for NSCLC (32) and AML cell lines. (38, 47) Based on the identified targets, miR-29a could lead to decreased methylation (by targeting DNMTs), or to increased methylation (by targeting TETs and TDG). To evaluate this, we initially accessed the effect of introducing miR-29a into Jurkat cells in the methylation status of the promoter region of the AHR gene, known to be commonly methylated in ALL, (52, 53) by MS-PCR. AHR is a ligand-activated transcription factor that was proposed to contribute to cell cycle control through interaction with retinoblastoma protein. (54) In line with this proposal, activation of AHR led to growth inhibition of pancreatic (55) and prostate (56) cancer cells. Nonetheless, its roles in cell proliferation are controversial. Transient expression of a constitutively active form of AHR in Jurkat T cells, induce growth arrest. (57) In contrast, in T-ALL cell lines and in some primary adult T-ALL cells, AHR was found to be constitutively activated in the absence of apparent exogenous ligands, establishing a link with leukemogenesis. (58) Moreover, while downregulation of AHR (by siRNA) leads to an increase in the proliferation of the HepG2 liver cell line, it decreases the growth of the MCF-7 breast tumor cell line. (59) This further indicates that the cellular context can greatly impact the functional outcomes of a given miR, not only through alternative targets, but also through alternative context-dependent roles of its targets.
In ALL, the transcription of the AHR gene is silenced by promoter hypermethylation, through inhibition of Sp1 binding.
(53) Importantly, we showed that introduction of miR-29a mimics in Jurkat cells leads to the demethylation of the AHR promoter, which would be probably mediated by the direct targeting of DNMT3a and DNMT3b. Nevertheless, given that miR-29 has been shown to indirectly downregulate DNMT1, by directly targeting its transactivator Sp1, (38, 47) the expected effect of miR-29a in the transcription of the AHR gene would not be straightforward to predict.
In order to more widely access the roles of miR-29a in T-ALL's epigenetic landscape, we extended our methylation analysis to additional genes, including: LHX4, GFPT2, and SALL1. Our selection was based on the methylation pattern observed by Kuang et al. (using pyrosequencing) in several cell lines (including the T-ALL cell lines Jurkat and Molt-4), peripheral blood cells from T-ALL patients and healthy controls. (24) To this end, we used MeDIP followed by qPCR (22, 23) in Jurkat and Molt-4 cells. Strikingly, in addition to corroborating There were no significant differences in the number or percentage of viable cells, however, in some instances, miR-29 promoted a significant increase in the percentage of apoptotic cells, accompanied by a decrease in the percentage of non-apoptotic necrotic cells (one-way ANOVA with Bonferroni's multiple comparison test). *P < 0.05; **P < 0.01; ***P < 0.001.
the MS-PCR results obtained for AHR, MeDIP analysis revealed that transfection of miR-29a led to demethylation of several additional regions, including the CpG islands in the promoters of GNA14, SALL1, and LHX4 genes in Jurkat and Molt-4 cells, and of GFPT2, TSH2B, and H19ICR, in Jurkat cells.
Real-time qPCR evaluation of the transcript levels of the evaluated genes revealed that their behavior could not be predicted solely by the demethylation status. For instance, while miR-29a transfection led to demethylation of the AHR gene in Jurkat and Molt-4 cell lines, its expression was decreased, likely by the direct targeting of Sp1 by miR-29a. (53) Moreover, the expression of LHX4 was significantly induced in Jurkat and Molt-4 cells transfected with miR-29a, compared to control cells, whereas GFPT2 expression levels did not vary significantly, and actually showed opposite trends in both cell lines. While introduction of miR-29a can rapidly lead to reduced protein levels of its targets (by mRNA destabilization ⁄ cleavage or translational inhibition), its secondary (demethylation of promoter CpG islands) and tertiary effects (transcriptional modulation) occur later on. Thus, although the time period of 48 h allowed us to clearly see the epigenetic effect of miR-29a, it may have not been sufficient to allow the transcription of the corresponding genes.
Given the complex and controversial roles of miR-29a and its targets, in leukemia and cancer, we evaluated the potential association of their expression levels in a previously studied T-ALL patient cohort. (25, 60) While we could identify significantly higher levels of DNMT3b in the T ⁄ NK-ALL group (previously associated with worse response to treatment), no difference was observed for the expression of miR-29a. Although these results do not indicate the regulation of DNMT3b levels by miR-29a in these patients, the identification of a significant inverse correlation between miR-29a and DNMT3b (as well as DNMT3a and TET1), indicates that these transcripts may be under the control of miR-29a or, more generally, under the composite control of distinct miR-29 family members. Noteworthy, the miR-29 family comprises three variants, and miR-29b-1 and miR-29a are located in the same cluster on chromosome 7q32 and are, thus, co-expressed; miR-29b-2 and miR-29c are located on chromosome 1q23. (61) When we independently evaluated the potential association of miR-29a and selected transcript targets with DFS or OS, we found that higher expression levels of miR-29a were significantly associated with worse DFS, in apparent contrast with the finding for CLL and AML. (12, 14, 33) Interestingly, the percentage of BM blasts was significantly higher in patients with low miR-29a levels, which could potentially indicate increased proliferation in the leukemic cells expressing lower levels of miR-29a. These apparently contrasting findings could be conciliated by the increased efficiency of chemotherapeutic agents in the more proliferative leukemic blasts (expressing lower miR-29a levels) during induction therapy. This would be in line with the recent finding that reduced miR29 expression in HSC increases cell cycling but also increases apoptosis, an effect that would be mediated by increased levels of DNMTs. (62) Our results, however, did not show a significant impact of miR-29a in the proliferation or viability of T-ALL cell lines. Actually, a slight increase on proliferation was observed for Jurkat and Molt-4 cells at 5 days post-transfection with miR-29a. Moreover, at this time point, miR-29a apparently promoted a change in the mechanism of cell death, with an increased percentage of apoptotic cells, paralleled by a decreased percentage of non-apoptotic necrotic cells. Despite these results, the transient effect mediated by the introduction of a synthetic miR-29a mimic cannot recapitulate the longterm effect of a continuous higher expression. As a matter of fact, following the direct primary effects of miR-29a, a myriad of indirect effects are expected to occur (e.g. by targeting of the epigenetic and transcriptional machinery), thus, it is likely that a long time would be necessary for a given cell to reach a molecular equilibrium, following continuous overexpression of miR-29a.
Similar to the findings related to miR-29, the association of higher DNMT expression levels with prognostic features of cancer patients is also controversial. For instance, some published works show the association of higher levels of DNMTs with poor prognosis in gastric cancer, AML, and diffuse large B-cell lymphomas, (63) (64) (65) whereas in sporadic epithelial ovarian cancer, higher DNMT levels are associated with better OS. (66) Adding complexity, mutations in the DNMT3a are found in a significant fraction of myeloid disorders; nevertheless, a direct link between mutated DNMT3a and downstream epigenetic changes remains to be established. (67, 68) In our cohort of T-ALL patients, we did not observe significant differences in clinical ⁄ laboratory features or treatment outcome between groups separated based on DNMT3a, DNMT3b, and TET1 gene expression levels.
The first reports to describe that altered methylation would play an important role in the physiopathology of T-ALL, with increased methylation of several genes associated with worse prognosis of patients, were published by Roman-Gomez and collaborators. (69) (70) (71) Despite suspicions being raised with the retraction of his earlier papers, (69, 71) subsequent works corroborated his findings, comprehensively evaluating the impact of methylation status in ALL. (24, (72) (73) (74) (75) (76) (77) (78) (79) The complexity associated with epigenetic studies involving miR-29 and its targets is greatly increased by the striking recent findings, describing previously unappreciated roles of DNMT3a and DNMT3b that would also act as 5-hydroxymethylcytosine dehydroxymethylases, as well as 5-methylcytosine demethylases. (80, 81) Another important question relates to the mechanisms leading to the reduced expression levels of miR-29. While this may be explained in AML by the frequently observed deletion of the chromosome 7q32 region, harboring the miR-29a ⁄ b1 cluster, (82) or by the commonly observed deficiency of CEBPA (CCAAT ⁄ enhancer binding protein alpha), a transactivator of the miR-29a ⁄ b1 cluster; (37) in T-ALL, this remains to be explored. Interestingly, one of the mechanisms by which miR-29 family members may become repressed is likely related to the action of the broadly known c-Myc oncogenic transcription factor, as it acts by widely repressing the expression of numerous miRNAs, including miR-29. (83, 84) Given that nuclear factor-jB (NF-jB) is constitutively activated in T-ALL cells, (85) (86) (87) another mechanism potentially accounting for miR-29 repression in T-ALL may result from the negative regulation exerted by NF-jB on miR-29 transcription, (84) a mechanism that would be probably acting in the downregulation of miR-29, observed in the inflammatory breast cancer subtype. (88) Recently, it was shown that in KIT-driven AML (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog, also known as CD117 or Stem Cell Factor Receptor), the KIT mutation drives a MYC-dependent miR-29b repression and increased levels of the miR-29b target Sp1, which forms a complex with NF-jB ⁄ HDAC (histone deacetylase), enhancing the expression of SP1 itself and of KIT, further repressing miR-29b transcription. (89) This intricate network exemplifies the type of signaling that may act in distinct types of cancer, as well as in T-ALL.
Overall, we provide evidence that miR-29a might contribute to the molecular pathophysiology of T-ALL through several newly identified targets, as well as previously identified targets (described in other neoplasias). Moreover, the identification of central components involved in the control of epigenetic dynamics, including de novo methylation (such as DNMTs) or active demethylation (such as TET proteins and TDG), adds further complexity to the investigation of miR-29 roles in cancer and leukemia. Finally, we show that miR-29a promotes the demethylation of many genes commonly methylated in T-ALL, indicating that reduced levels of miR-29a may play an important role in the overall methylation status in this hematological malignancy. In light of the recent works showing that in vivo delivery of miR-29 mimics may have a potential application in the treatment of AML, (90) further studies are necessary to better understand these complex regulatory circuitries and to eventually translate these findings into potential miRbased therapies.
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